Coupling layers of light emitters to arrays of plasmonic particles provides an opportunity to tailor the photoluminescence, both spectrally and spatially, and opens new venues for the design of phosphors in solid-state-lighting applications. While a significant enhancement of the photoluminescence for certain frequencies and in defined directions has been reported and described in terms of pump enhancement and emission outcoupling, the effect of optical absorption by metals on the conversion efficiency and total photoluminescence intensity is less well studied. Here, we investigate the optical absorption for emitter layers deposited on diffractive arrays of silver and titanium dioxide using an integrating sphere. The results show that absorption at the excitation wavelengths of the emitter has a critical impact on the conversion efficiency, while the absorption at luminescence wavelengths does not modify significantly the total radiation intensity. The evaluation technique used in this manuscript to quantify the optical absorption by the array, leads to a working recipe to design resonant systems that can be exploited in solid-state-lighting applications.
The invention of white light emitting diodes (WLEDs) has triggered the revolution of solid-state-lighting, displacing traditional incandescent and fluorescent lamps. 1, 2 WLEDs typically consist of blue LEDs and phosphor plates that emit yellow photoluminescence (PL) upon excitation with blue light. 3, 4 Mixing the yellow PL with blue LED emission produces quasi-white light. Research on phosphors has continued to be an important aspect in developing WLEDs. Desirable properties of phosphors include a high quantum yield and color rendering characteristics optimized for different applications. These developments are usually pursued via material engineering on crystalline structures and chemical compositions.
Combining a phosphor with plasmonic nanostructures is another method to modify the photoluminescence properties. [5] [6] [7] Metallic nanostructures, such as nanoparticles, support localized surface plasmon resonances (LSPRs), which are collective free charge-carrier oscillations in the metal driven by the electromagnetic field. LSPRs lead to an increase of the polarizability of the particles and, consequently, to the enhancement of local electric fields. LSPRs are also responsible for the modification of the local density of optical states. 8 PL enhancements of more than 1000 times have been reported for emitters in the proximity of metallic surfaces. 9 Despite such spectacular enhancement, the application of plasmonically-enhanced PL systems for solid-state-lighting was generally considered to be difficult because of two reasons: First, the enhancement is notable only for low quantum yield emitters and the PL of high quantum yield emitters is often quenched by metals. Second, the localized electric fields of LSPRs imply that PL enhancement occurs only near the surface, which limits their effect to few emitters.
A breakthrough came by exploiting the radiative coupling of LSPRs via in-plane diffraction. 10 Periodic arrays of plasmonic nanoparticles were designed to support LSPRs and in-plane diffraction at similar frequencies, leading to new eigen modes of the system called surface lattice resonances (SLRs). [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] The emission of phosphors can also couple to SLRs. The PL from a layer of dye molecules deposited on top of an array of aluminum nanoparticles showed a notable enhancement (>60 times) in the forward direction. 10 This scheme, exploiting collective plasmonic resonances in arrays, efficiently works z E-mail: murai@dipole7.kuic.kyoto-u.ac.jp; J.Gomez.Rivas@tue.nl for high quantum yield phosphors and thick layers, thus it is promising for solid-state-lighting applications. [23] [24] [25] [26] [27] [28] While the enhanced PL in the forward direction from emitters coupled to plasmonic arrays is well characterized in the literature, 25 the effect of optical absorption by metals is not yet thoroughly investigated. Plasmonic nanostructures can improve the emission at certain wavelengths by outcoupling this emission in defined directions. However, optical losses occurring at the excitation wavelength, associated with the permittivity of metals, are expected to be among the main limitations regarding the overall efficiency of plasmonic light emitting devices. Quantitative evaluation of the effect of absorption on the net conversion efficiency of the plasmonic system is so far limited. 29 This limitation is mainly because of the intrinsic difficulty in evaluating absorption accurately. In layers of emitters coupled to plasmonic nanostructures, the light waves exciting the emitter can also be absorbed by the metal. Moreover, the amount of absorption by the emitter will be in general different from that of the same emitter layer on a flat substrate. Indeed, the metallic nanostructure can resonantly enhance the absorption by the emitter, which consequently increases the PL intensity. In this regard, the absorption and PL must be assessed simultaneously to separate the effect of absorption by the metal from that of the emitter, and to determine the conversion efficiency of the system.
In this study, we evaluate the conversion efficiency of layers of emitters on top of arrays of nanoparticles using an integrating sphere by measuring the absorption of the excitation beam and the total PL intensity. We quantify the relative conversion efficiency of the emitter layer on the array with respect to the same layer on a glass substrate. To clarify the critical role of metallic absorption, we have fabricated a plasmonic array made of Ag nanoparticles and a similar array of non-plasmonic particles made of TiO 2 , a high-refractive-index oxide transparent in the visible. Dielectric metasurfaces such as Si and TiO 2 nanostructures are emerging as alternatives to plasmonic nanostructures to tune the intensity and directionality of the emission without severe optical absorption. [30] [31] [32] Although it is intuitive to think that dielectric nanoparticle arrays are better than metallic counterparts in terms of conversion efficiency, a direct comparison of the efficiency is missing thus far. We note that we have kept in this study the dimensions of the nanostructures similar in the different samples to simplify the analysis. Further relative improvements on the emission could be achieved by changing these dimensions. We also provide practical design tips to increase the conversion efficiency of light-emitting devices using plasmonic or non-plasmonic nanostructures.
PL Enhancement and Conversion Efficiency of Emitters on Top of Arrays
The enhancement of PL by an array involves three contributions, namely, an enhanced absorption by the emitter, A emit , a modified internal quantum yield, η, and an improved outcoupling efficiency, C. The PL enhancement can be written as follows, 25
where the subscript 0 refers to the values for a reference emitter layer on a flat substrate. A emit /A emit,0 represents the absorption enhancement or pump enhancement of the emitter layer at the excitation wavelength by the resonant scattering with the array. η /η 0 defines the change in internal quantum yield of the emitter layer. Previous works have shown that η does not change significantly for emitter layers coupled to plasmonic arrays due to the large mode volume of SLRs. 10, 28 We have confirmed this invariance of η with PL lifetime measurement, as it is shown later. The last factor in Eq. 1 corresponds to the outcoupling efficiency C/C 0 , which is the fraction of blue/green/red light that escapes the device into free space. Generally, C/C 0 depends strongly on the angle of emission and it can reach very high values for certain wavelengths in defined directions. Despite the PL enhancement described by Eq. 1, the total conversion efficiency can be low due to optical absorption of the excitation wavelength in the nanoparticles forming the array. In the case of plasmonic particles, this absorption can be large at the characteristic output wavelength of blue LEDs, i.e., around λ = 450 nm. The total conversion efficiency, η c , can be defined as follows 29
where A array is the fraction of the absorbed power by the nanoparticles and A emit +A array is the total absorption of the nanoparticles and the emitter layer. The effect of this absorption will be examined by changing the excitation wavelength.
Experimental
Array preparation.-A thin film of silver (thickness: 150 nm) was grown on a SiO 2 glass substrate using electron beam deposition. The Ag film was then patterned using a combination of nanoimprint lithography (EntreTM3, Obducat) and ion milling etching (EIS-1200, Elionixs) to fabricate the Ag nanoparticle array. First, the nanoimprint resist was cast onto the Ag thin film. As a master mold for nanoimprint lithography, a Si mold consisting of hexagonal array of nanopillars with periodicity = 460 nm was fabricated using electron-beam lithography (F7000s-KYT01, Advantest) and silicon deep etching (RIE-800iPB-KU, Samco). The surface structures of the Si mold were transferred to the resist by nanoimprint lithography. The hexagonal arrays of Ag nanoparticles were structured by Ar + ion milling.
The TiO 2 nanoparticle array was fabricated via thermal oxidation of a TiN nanoparticle array (height = 150 nm), which was fabricated by a combination of nanoimprint lithography and reactive ion etching, 33 using the same Si mold as was used for the Ag array. The TiN array was oxidized to TiO 2 (crystalline rutile phase) by heating in air at 900°C for 2h. The nanoparticles were cylindrical shape and the SEM image inspection showed that the diameters of the nanocylinder were 260 and 240 nm for the Ag and TiO 2 , respectively (see insets of Figs. 1b and 1c).
Emitter layer preparation.-As an emitter layer, a poly(methyl)methacrylate (PMMA) layer containing 1 wt% rylene dye (a mixture of N,N -bis(2,6-diisopropylphenyl)-1,6bis(2,6-diisopropylphenoxy)-perylene-3,4:9,10-tetracarboximide and N,N -bis(2,6-diisopropylphenyl)-1,7-bis(2,6-diisopropylphenoxy)perylene-3,4:9,10-tetracarboximide as an emitter) 34, 35 was prepared by spin-coating. This dye was chosen due to its high internal quantum yield and high photostability. The thickness of the layer was estimated with a surface stylus profiler (ASIQ, KLA Tencor) to be ∼650 nm. The emission and absorption spectra of the layer on a glass substrate are shown in Fig. 1a .
Optical characterization.-Zeroth-order optical transmission spectra were measured as a function of the angle of incidence θ in . The sample was placed on a rotation stage and the collimated beam of white light from a halogen lamp was incident from the backside (substrate side). The zeroth-order optical transmission spectra were obtained by normalizing the transmission of the incident light through the sample to the transmission through the same emitter layer but without the array of nanoparticles, i.e., the emitter layer on the SiO 2 glass substrate. PL measurements were performed by illuminating the samples with a diode laser (excitation wavelength λ = 460 nm) at θ in = 10°from the backside. The PL was measured from the opposite side at an angle from the normal to the surface (θ em from −5 to 40°) using a fiber-coupled spectrometer (Flame-S, Ocean Optics). The spectrometer fiber was mounted on a computer-controlled rotation stage. As a reference, we measured the PL of the same layer of emitters on the SiO 2 glass substrate. The PL decay was measured using a timecorrelated single-photon counting module (TimeHarp 300, Picoquant) with a 40 ps pulsed laser diode for excitation (λ = 375 nm, repetition rate 40 MHz, LDH series, Picoquant) and a long-pass filter. The total absorption and total PL intensity were evaluated using an integrating sphere (RTC-060-SF, Labsphere) connected to a calibrated spectrometer (USB2000, Ocean Optics), and following the method described in Ref. 36 . Two continuous-wave diode lasers, λ = 450 nm (MLL-III, Laser2000) and 532 nm (MGL-III, Laser2000), were used to excite the samples. The laser power was sufficiently low in all the measurements to avoid non-linear and saturation effects in the absorption and PL of the samples.
Results and Discussion
PL outcoupling.-The PL in the forward direction increases notably when the emitter layer is on top of the TiO 2 and Ag arrays (see the left panel of Fig. 1a for the experimental configuration and the top panels of Figs. 1b and 1c for the PL spectra). Compared to the PL from the same emitter layer on a glass substrate (shown as the shaded area in the panels), both the intensity and the shape of the spectrum are modulated, largely due to outcoupling of the emission by the arrays. The main emission peak of the molecules redshifts to λ = 580 nm for both arrays (denoted as dotted lines in Figs. 1b and 1c ). This redshift is caused by the coupling of the emission to the diffraction. Another PL peak appears at λ = 598 nm for the emitter layer on top of the TiO 2 array. This PL peak is correlated to the extinction spectrum (bottom panel of Fig. 1b ), i.e., the PL peaks appear at the local extinction maxima. For the TiO 2 array, the two extinction peaks appear: One main peak at λ = 600 nm corresponds to the lattice mode attributed to the Mie resonances coupled to the in-plane diffraction. The other peak at λ = 580 nm has a significantly lower extinction but a similar PL emission. This peak is associated to the re-shaping of the extinction spectrum, which is dominated by diffraction and the lattice mode. The similar emission at λ = 580 nm from the array, despite the weaker extinction at this wavelength, is due to the higher emission intensity of the bare molecules around this wavelength. We note that the lattice mode for dielectric nanoparticle arrays has been reported for Si, [37] [38] [39] but not for TiO 2 . For the Ag array, a broad LSPR appears around λ = 670 nm. The interaction of LSPR and the in-plane diffraction is weak because the LSPR lies at a lower frequency than the diffraction.
The outcoupling effect of the PL is better visualized by the angular dependence of the PL and the extinction (see Fig. 2 ). A PL enhancement is noticeable along the in-plane diffraction orders, which are denoted by dotted lines in Fig. 2 for both arrays and calculated for a hexagonal lattice with a periodicity of 460 nm in a medium of refractive index of 1.46. The PL enhancement follows the angular profile of the extinction. Although the large contribution of PL outcoupling is obvious from the inspection of the spectral shape, this enhancement can also contain changes in the internal quantum yield of the emitters and the absorption of the excitation beam. These contributions are examined in detail in the following.
Emission lifetime and internal quantum yield.-
We have measured the PL decay to estimate the change in quantum yield of the emitters on top of the arrays (see Fig. 3 ). The three curves, representing the PL decay of a layer of emitters on top of the substrate and similar layers on top of the Ag and TiO 2 arrays, largely overlap. These similar decays mean that the quantum yield of only the molecules in the vicinity of the array are affected, and the rest of the layer (thickness of 650 nm) remains unaffected. We extract the PL lifetime τ from a single-exponential fit to the data, obtaining τ = 4.59 ± 0.03, 4.55 ± 0.03, and 4.35 ± 0.03 ns for the emitters on the flat substrate (reference), TiO 2 and Ag arrays, respectively. A small difference of τ is observed between the TiO 2 and Ag arrays, decreasing by 1 and 5% as com-pared to the reference, respectively. The small decrease in PL lifetime is consistent with previous reports of thick (typically >500 nm) emitter layers on plasmonic arrays. 10, 40 In the following discussion, we consider the quantum yield of the emitter to be the same irrespective of the substrate, either on the glass or on the arrays, i.e., η /η 0 = 1.
Absorption, total PL intensity and conversion efficiency.-In or-
der to understand the PL emission enhancement, we have measured the fraction of the excitation light absorbed by the layer of emitters and the amount of PL radiated from the sample using an integrating sphere. For an accurate estimation, we must correct the effect of indirect absorption by the sample and the associated PL, i.e., the absorption of the excitation beam scattered from the sphere wall into the sample and the subsequent additional PL from the sample. To take these effects into account, we follow a technique described in the literature, where three measurements must be conducted: 36 As shown schematically in Fig. 4 , the spectra are recorded for the sphere without the sample (a), with the sample and the laser beam hitting first the sphere wall (b), and with the sample and the laser beam hitting directly the sample (c). From the measured spectra, we extract the following quantities: the laser beam intensity (L a , L b , and L c for (a), (b), and (c), respectively) and the total PL intensity integrated over the corresponding emission wavelengths (P b and P c for (b) and (c), respectively). When a fraction μ of the laser beam scattered from the sphere wall is absorbed by the sample, L b and L c are given by 36
and
where A is the absorption by the sample (A emit,0 and A emit + A array for the reference and the array, respectively) at the excitation wavelength. This absorption can be written from Eqs. 3 and 4 as
The total PL is given by the absorption of laser beam multiplied by a conversion efficiency η c , and can be expressed as
and thus
The total PL intensity increases when the emitter layer is on top of the arrays (typical spectra are shown in Fig. 5a ). In contrast to the PL spectra collected in the normal direction ( Figs. 1b and 1c) , where the wavelength-selective outcoupling modifies the spectrum drastically, the spectral shape of the total PL, i.e., the sum of PL radiated in all directions, is similar to that of the reference. The total PL spectra normalized to that of the reference (bottom panel of Fig. 5a ) show a flat dispersion in the main spectral part and a drop at shorter wavelengths due to absorption by the array. As shown in Fig. 3 , the PL decay rate of the emitter does not change significantly, indicating that the integrated PL properties of the emitter do not change significantly either. Therefore, the shape of the total PL spectra is similar to the original shape. This also indicates that the absorption of the main part of the PL spectrum by the array is negligibly small, so that all the emitted PL eventually escapes the sample, i.e., the outcoupling efficiency C/C 0 is unity when integrated over all directions.
The values of the increased absorption of the excitation beam ((A emit + A array )/A emit,0 ) and the total PL intensity enhancement (I/I 0 ) are shown in Fig. 5b and tabulated in Table I for the TiO 2 and Ag arrays at two different excitation wavelengths (λ = 450 nm and 532 nm). These values are obtained by normalizing the total absorption and emission of the emitter layers on top of the arrays by the reference measurements of similar layers on a glass substrate. The total PL intensity enhancement corresponds to the pump enhancement of the emitter layer, i.e., A emit /A emit,0, under the assumption that η /η 0 = 1 and C/C 0 = 1 (see Eq. 1). With the λ = 450 nm excitation, the total PL enhancement is 2.67 ± 0.34 and 1.65 ± 0.20 times for the TiO 2 and Ag arrays, respectively. The ratio between the total PL enhancement (I/I 0 = A emit /A emit,0 ) to the increased absorption of the excitation beam ((A emit + A array )/A emit,0 ) gives the conversion efficiency η c /η, i.e., A emit /(A emit + A array ). For λ = 450 nm, this conversion efficiency is 0.83 ± 0.13 and 0.046 ± 0.007 for the TiO 2 and Ag arrays, respectively. The significant decrease in the conversion efficiency of the Ag array is due to the absorption of the excitation light by the nanoparticles. A small band-edge absorption also occurs for the TiO 2 sample, reducing the conversion efficiency from unity. The error on the measurement, obtained by repeating the measurements typically 3 to 5 times, is ∼10%. This error is on the same order reported for the quantum yield measurements of thin-film samples. 29, 36 The relatively larger absorption of the emitter molecules at λ = 532 nm (see Fig. 1a ) changes the situation drastically. The absorptance of the emitter layer at λ = 450 and 532 nm is 0.008 and 0.045, respectively (see Fig. 1a ). The PL enhancement behavior changes accordingly. With λ = 532 nm illumination, the total PL intensity is larger for the Ag array than for the TiO 2 array (see Fig. 5a , right panel). This PL enhancement is 1.2 and 2.2 for the TiO 2 and Ag arrays, respectively, and the corresponding conversion efficiencies are 0.95 and 0.38. The excitation wavelength of λ = 532 nm is well below the bandgap of TiO 2 and the nanoparticles are virtually transparent, which leads to a conversion efficiency of almost one. For the Ag array, the conversion efficiency is still lower due to the intrinsic losses of plasmonic materials. Nevertheless, this conversion efficiency is increased by 8.3 times compared with the conversion efficiency at λ = 450 nm.
By comparing the total PL intensity in Fig. 5 and the PL enhancement in Fig. 1 , we can estimate the outcoupling efficiency C/C 0 in the forward direction. Here we assume that the excitation at λ = 450 and 460 nm give a similar PL intensity, which is justified by the small change in the emitter absorptance at these wavelengths (see Fig. 1a ). For the TiO 2 array, the spectrally integrated PL intensity collected in the forward direction (enhanced by 5.78 times) and the total PL (2.67 times) give C/C 0 = 2.2, while C/C 0 is 2.9 in the case of the Ag array. The larger outcoupling efficiency for the Ag array is due to the larger polarizability of Ag nanoparticles, associated to the excitation of LSPRs. It is noted that the outcoupling efficiency varies with emission wavelength and angle, but it is independent of the excitation wavelength. Thus, these results also apply for the λ = 532 nm excitation.
Conclusions
We have investigated the conversion efficiency of emissive layers on top of periodic arrays of Ag and TiO 2 nanoparticles. The conversion efficiency drops by combining the emitter with the array, mainly because of the optical absorption in the array at the excitation wavelength. This drop can be minimized by making the absorption of the emitter larger and/or the absorption by the array lower. In this regard, employing a high absorption emitter layer, either by increasing the layer thickness or the emitter concentration, is a sensible strategy to maintain the original conversion efficiency. We also estimated outcoupling ability of the nanoparticle arrays. The outcoupling into forward direction is especially useful for directional illumination applications in combination with laser diodes that give an unidirectional output. 27 It is noted that the absorption by the array, the pump enhancement, and the conversion efficiency change with the angle of incidence of the excitation beam, which gives another degree of freedom in designing the system. 29, 41 This study demonstrates that absorption and total PL intensity assessments using an integrating sphere give a quantitative insight on the losses in the luminescent system combined with nanostructures, which is of critical importance for the development of solid-state-lighting devices.
